A motion-copying system is a kind of autonomous robotic system. This system reproduces human motion on the basis of haptic information (i.e., position and force information) extracted using a bilateral control system. However, in conventional motion-copying systems, control stiffness always remains constant. Thus, conventional systems show poor adaptability to differences in environmental locations during the reproduction phase. The objective of this study is to develop a motion-copying system with variable impedance. The proposed method includes an approach to determine the control stiffness of the motion-copying system on the basis of position, force, and impedance information. The haptic information is acquired using a scaled bilateral control system. For calculating the impedance, dynamic programming matching and the least-squares method are utilized. Dynamic programming matching accommodates the motion speeds in the saved data. The derived impedance is fed into a compliance control system, where it is reproduced. To validate the proposed method the task of removing a sarcoma is performed in experiments, in which three different types of target positions are set. The proposed motion-copying system succeeded in removing the sarcoma phantom, whereas the conventional method either failed to grasp it or applied excessive force. The proposed method succeeded in increasing the adaptability of the motion-copying system to different environmental locations.
Introduction
Against a background of a rapidly aging society with a declining birthrate, a growing number of efforts are being made toward the development of automated robotic systems. One of the approaches being used to realize an automated robotic system involves the reproduction of human motion, and many methods have been proposed to achieve such reproduction (1)-(8) . However, these methods extract human motion based on position information alone. Although these position-based systems are able to obtain sufficient information about joint angles and positions, they are incapable of acquiring force information. It is difficult for conventional position-based systems to reproduce a motion that involves direct contact with objects because of the lack of force information. Therefore, there is a definite need for a reproduction method that considers both position and force information.
One of the technologies that consider both position and force information is a bilateral control system (9)-(12) . This system consists of a master system, which is operated by a human, and a slave system, which makes contact with an object. The most important aim of a bilateral control system is the perception of the mechanical impedance of an object existing in a remote place (13) (14) . Several approaches have been proposed to achieve this aim (15)-(18) . * Department of System Design Engineering, Keio University 3-14-1, Hiyoshi, Japan In contact motions, controlling the stiffness of a manipulator end effector is important (19) . Impedance controls achieve intermediate control stiffness between infinity and zero (20) (21) . There were some studies that combine this impedance control technology with the bilateral control technology. For example, as a means of altering haptic feel, impedance-shaping bilateral control was proposed (22) (23) . A variable damping impedance control of a bilateral teleoperation system was also proposed to obtain better quality teleoperation under a variety of circumstances (24) (25) . Especially, impedance shaping technology is useful for teleoperation between differentscale master-slave systems (26) . These technologies of bilateral control have been improved for practical applicability, such as in microassembly (27) . In particular, methods for operating a small (micro) robot with a large (macro) robot have been referred to as macro-micro bilateral control (28) . In contrast, micro-macro bilateral control uses a smaller robot on a operator side. Bilateral control utilizing information, which is scaled down or up, is referred to as scaled bilateral control more generally (29) (30) . Cutting-edge research on bilateral control has been directed to the medical field (31) . At the same time, a motion-copying system that is a kind of autonomous robotic system has also been proposed (32) . This system reproduces human motion on the basis of data extracted using bilateral control systems. In addition, a method that integrates several sets of haptic data stored in a motion data memory has also been proposed (33) . These conventional motion-copying systems contain force controllers that take force information into account. However, the reproduced mechanical impedance, which is called control stiffness, is constant in the reproduction phase. Therefore, conventional motion-copying systems are sensitive to changes in the environmental location. For example, end effectors may not make contact with a target object if the object is located far from its position in the saving phase. Another example of this sensitivity is that excessive force may be applied to the target object if it is nearer than its supposed position. A method that adjusts the position offset depending on the force error of the reproduction phase has been proposed to compensate for changes in the environmental location (34) . Another method that involves the substitution of a velocity controller for a position controller has also been presented (35) . These methods assume that the position relative to the object corresponds to the saved position, but the aim of the motion is not always intended to correspond to the relative position. For instance, forceps must be pulled out to remove a sarcoma regardless of the position of the organ.
The problem that needs to be solved is that the control stiffness of these conventional motion-copying systems was constant. Therefore, this paper proposes a novel motion-copying system that considers the mechanical impedance of human motion. The proposed method includes an approach to determine the control stiffness of the motion-copying system on the basis of position, force, and impedance information. The human impedance can be extracted by scaled bilateral control systems even if these are in a contact motion. The haptic data acquired on the slave side are enhanced or weakened prior to transmission in the scaled bilateral control. For calculating human impedance, a dynamic programming matching (DP matching) algorithm (36) is executed to adjust the differences in the speed of each motion. Unexpected differences may occur between the speed of the performed motions. If there is time expansion and contraction between each motion, the calculation results of human impedance are drastically degraded. Pattern matching using DP is one of the well known methods to cope with this type of time expansion and contraction; there are some studies that treat the time flow on the basis of this method. The main advances proposed by the paper is adaptability of motion-copying system. The reproduction of human impedance enables the realization of automated robotic systems that can adapt to changes in the environmental location. This paper is organized as follows. Section 2 presents the conventional motion-copying system. Section 3 describes the proposed motion-copying system. Differences between the conventional method and the proposed method are also explained in Section 3. The experimental results are presented in Section 4. Finally, the paper is concluded in Section 5.
Conventional Motion-Copying System
This section describes the conventional motion-copying systems, which consist of a motion-saving system and a motion-loading system. In the motion-copying systems, acceleration-based bilateral control systems (37) (38) that employ disturbance observers (DOB) (39) are used, as such systems offer nearly sufficient robustness, transparency, and stability for practical use (40) (41) . Reaction force obserbers (RFOB) (42) are utilized to estimate the force information.
For ease of explanation, this study takes a forceps robot Fig. 1 . motion-saving system using bilateral control system that can perform translational and grasping motion for practical example. This forceps robot consists of two linear motors and has 2-degree-of-freedom (DOF) although it is just mechanical combination of 1-DOF motors. Fig. 1 shows a block diagram of a motion-saving system that uses a bilateral control system. Here, f ext and f g (x) denote the external force and the gravity force, respectively. f b (x,ẋ) is the sum of the inertial force, Coriolis force, and friction force. K t represents the thrust constant. The superscripts "ref" and the subscript "n" denote the reference and nominal values, respectively. The disturbance can be observed from the velocity response and the armature current, and it can be suppressed using the observed value. Firstorder low-pass filters (LPF) are utilized to avoid effects of high-frequency noise. Position and force information in the actuator space are expressed as
The dynamics in the modal space are given by
Here, the mass matrices in the actuator space are expressed as
and the mass matrix in the modal space is defined as
The transformed position and force information are input into a position and a force control system, respectively. Then, the force reference is calculated as
C p and C f are the position controller and force controller, respectively. H is a hybrid matrix that decouples these two control systems (37) (38) :
I ∈ R 2×2 and S ∈ R 2×2 represent the unit matrix and the selection matrix, respectively. The selection matrix is expressed as
as one of the two control goals, which is set for each motion, is related to the position tracking. Then, the force reference in the actuator space is given as
The details of each reference are given as
Thus, the bilateral control system is configured. The position information (i.e., ) are saved to the motion data memory through the bilateral control system. Fig. 2 shows a block diagram of the conventional motionloading system. Here, in accordance with the conventional method, this paper assumes that a proportional-derivative controller and a proportional controller are used as the position controller and the force controller, respectively. Hereinafter, K p , K v , and K f stand for the position feedback gain, the velocity feedback gain, and the force feedback gain. In Fig. 2 . Conventional motion-loading system the conventional method, the data saved in the motion data memory are directly set as a virtual master robot. In this case, the force references are derived as
where
s, x cmd , K c , and D c denote the Laplace operator, the command of the equilibrium position, the stiffness, and the viscosity, respectively. Eq. (23) shows that the stiffness is always constant in a conventional motion-copying system. This constant stiffness causes a lack of adaptability to the environmental location.
Proposed Motion-Copying System
This paper shows a novel approach changing the control stiffness, although some viscosity is added to ensure the stability. This study focuses on the stiffness rather than the viscosity, as the aim is improving the above-mentioned adaptability to the environmental location. Fig. 3 shows a flowchart of the proposed motion-copying system. The details are described as follows.
If the scaling ratio is represented by α, the transformation matrix can be rewritten as
The force references input into the actuators are derived as
The proposed system scales the position and force information. The target motion is performed multiple times with different scaling ratios to calculate the impedance of a human motion.
Here, DP matching is introduced. DP matching is used to accommodate the motion speed of the saved data. The saved position data are represented as
where the first element in the brackets "[ ]" denotes the scaling ratio. The second element in the brackets denotes the number of data recorded in chronological order: i (i = 1, 2, . . . , I) and j ( j = 1, 2, . . . , J). "I" and "J" are the number of data recorded as the input pattern and the reference pattern, respectively. Similarly, the saved force data are represented as
The distance between two patterns is called the DP value, which is calculated using the DP matching algorithm. The partial distance of the i th data of the input pattern and the j th data of the reference pattern are set as
Here, d(i, j) denotes a partial distance. The initial conditions are expressed by the following equations.
Here, g denotes a cumulative distance. The range of the minimum selection, which is in the recurrence formula in (38), is a slope constraint that is employed to avoid extreme time expansion and contraction. This slope constraint limits the gradient of the optimum path between one-half and two. The DP matching algorithm adjusts the time expansion and contraction and calculates the optimum path. The optimum path is selected to minimize the DP value, which is defined as 
Here, the optimum path P calculated from
If the transition of the path fits (i, j − 1) to (i, j) pattern, the reference pattern is accommodated aŝ
Meanwhile, if the transition of the path meets (i − 1, j − 1) to (i, j) pattern, the reference pattern is obtained aŝ
In the same way, if the transition of the path fits (i − 1, j) to (i, j), the reference pattern is derived aŝ
These processes unify the length of each data. Impedance calculation using the accommodated data is carried out by the least-squares method, which is expressed as
where "ˆ" denotes the accommodated data. The number of operations is represented by "N." In this least-squares method, first order polynomial is adopted, since this study focuses on the control stiffness. If the calculation result of
, as the stiffness value must be positive. The obtained stiffness is reproduced by the compliance control system. The force reference for the impedance control is given as
Experiments
Two kinds of experiments were conducted to verify the validity of the proposed motion-copying system. One was an experiment for validation of the effectiveness of DP in the stiffness estimation. The other was an experiment of application to the forceps robot. Fig. 5 shows the experimental setup. Both the master forceps and the slave forceps consisted of two linear motors that realized the translational motion and the grasping motion. The linear motors were rod-type motors, and there was little friction effect. The external force was observed using the RFOB without force sensors. Only linear encoders were implemented as the sensor of the system. The resolution of the position encoder was 0.1 μm. The object information was an unknown parameter in the control system. The control software was written in C language under RTAI 3.6.1. The sampling time was 100 μs. Table 1 lists the experimental parameters. In the motion-saving system of this experiment, a proportional-derivative controller was used for position control and a proportional controller was used for force control. Fig. 6 shows the results of the first experiment. A compliance-controlled robot pushed the master forceps. The set stiffness was changed from 10000N/m to 500N/m with different switching times. The recorded data were adjusted and the switching times were synchronized by the DP processing as shown in Fig. 6(c) and Fig. 6(d) . As the result, the estimation was improved as shown in Fig. 6 (e). The second experiment was the application to the forceps robot. A surgeon operated this scaled bilateral control system five times using different scaling ratios. The scaling ratios (α 1 , α 2 , α 3 , α 4 , α 5 ) were 1.0, 1.5, 2.0, 2.5, and 3.0. The purpose of the experiment was the removal of a phantom of sarcoma, which was embedded into a phantom of a healthy tissue. The work procedure and tasks were set as follows: (1) Approach, (2) Grasp, (3) Withdraw, (4) Release. The surgeon was blindfolded while he worked, as the objective of this experiment is to reproduce human motion using haptic information. Fig. 7 shows the experimental results of the bilateral control when the scaling ratio was 1.0. These results confirm the achievement of position tracking and force feedback. In other words, the surgeon was able to feel the actual impedance of the target object. Fig. 7(a) presents the position results with regard to translational motion. The results show that the slave system approached the phantom from 1s to 4s and withdrew from the surgical field from 6s to 8s. Fig. 7(b) presents the position results with regard to grasping motion. The results show that the slave system grasped the phantom from 4s to 8s and released it from 8s to 9s. Finally, the forceps was closed at 10s. In the approach phase, force was applied to the forceps robot; the applied force is shown in Fig. 7(c) . It is believed that this force was applied because the surgeon tried to search for the position of the phantom. Fig. 7(d) represents the grasping force. The grasping force, the strength of which was about 3N, appeared in the grasping phase only. Fig. 8 shows the experimental results for the scaled bilateral control with five different scaling ratios. Only the responses on the master side are represented. There is a variability of motion speed among these five responses. In order to accommodate this variability, DP matching was conducted, and the results are shown in Fig. 9 . Fig. 10 shows the values for the stiffness of the performed motion, which were obtained using the least-squares method with respect to the results shown in Fig. 9 . In the translational motion, stiffness was high in the first 1s and the last 2s. The reason is that when the motion is initiated, the position of the forceps is always the same. In addition, the forceps have to be returned to the starting position in order to be withdrawn from the surgical field. On the other hand, the stiffness of the grasping motion was high at around 5s, as the forceps was opened to grasp the target phantom. Fig. 11 shows the experimental results of the motioncopying system for comparison between the conventional method and the proposed method. In this case, the target phantom was located at the same position as that in the saving phase. Both methods well reproduced the saved motion, although there was a slight difference with regard to the grasping motion at 1.8s between the saved motion and the motion reproduced by the proposed method. In this experimental system, the motor used for the translational motion was located on the base side of the motor generating the grasping motion. Therefore, the rapid acceleration of the translational motion caused the pointed response of the grasping motion. Fig. 12 also shows the experimental results of the motioncopying system. In this case, however, the target phantom was located far from its position in the saving phase. In this case, the conventional method could not make contact with the target phantom and failed to execute a grasping motion. From Fig. 12(b) , it was confirmed that the forceps was fully closed without grasping any object.
In contrast, Fig. 13 shows the experimental results of the motion-copying system when the target phantom was located near from its position in the saving phase. In this case, excessive force was applied to the healthy organ, as its surface was nearer than its supposed position. It was confirmed that the applied force was four times stronger than that in the saved motion and that obtained using the proposed method.
Conclusions
This paper proposes a novel motion-copying system. The system is based on the impedance of a performed motion, which is obtained using a scaled bilateral control system. For calculating the impedance, DP matching and the leastsquares method were utilized. DP matching accommodates the motion speed of the saved data. The derived impedance was input into a compliance control system, where it was reproduced. Three types of experiments that used different target positions were conducted to confirm the validity of the proposed method. In these experiments, the proposed motion-copying system succeeded in removing the phantom of a sarcoma, whereas the conventional method either failed to execute a grasping motion or applied excessive force.
In order to extend the proposed method to a multi-DOF system, it is required to process a large amount of data, to select direction to implement the impedance control, and to reduce friction and inertia of the manipulator. Furthermore, if differences of environmental properties between the saving and loading phase are taken into account, viscosity may have to be changed.
